1. Introduction {#s0005}
===============

In Southeast Asia and China, the resurgence of brown planthopper is thought to have been caused by the use of chemical pesticides [@b0005; @b0010]. The side effects of pesticides include the destruction of natural enemies [@b0015; @b0020], stimulation of reproduction of male and female adults [@b0025], and pesticide-induced susceptibility of rice to BPH [@b0030].

The brown planthopper (BPH), *Nilaparvata lugens* Stål (Hemiptera: Delphacidae) is a major pest of rice throughout Asia [@b0035]. The BPH damages crops by phloem feeding, nutrient depletion, and by transmitting a number of rice pathogens. In addition, BPH occurrence is related to the resistance or susceptibility of the rice varieties [@b0040]. When living on susceptible rice varieties, where BPH can acquire ample nutrients, the number of eggs laid and survival rates of eggs and nymphs are higher than on resistant varieties. At high rates of BPH feeding plants become completely desiccated, a condition known as "hopperburn". However, when living on resistant varieties, BPH survival and ovipsition rates are significantly lower and BPH population growth is effectively suppressed [@b0045; @b0050; @b0055]. Control of BPH relies heavily on insecticides, and most chemical classes used extensively against this pest have become compromised by insecticide resistance [@b0060; @b0065].

Neonicotinoids are the fastest-growing class of insecticides in modern crop protection [@b0070]. This insecticide class has gained widespread use against a broad spectrum of sucking and certain chewing pests. Additional benefits of neonicotinoids include relatively low risk for non-target organisms and the environment, high target specificity, and versatility in application methods. This important insecticide class needs careful placement in insect resistance management in order to sustain its efficacy [@b0075]. Imidacloprid (IMI), the first commercialised neonicotinoid insecticide, was introduced for planthopper control in the early 1990s. IMI proved extremely effective against insects that were resistant to compounds used previously. It consequently became the most commonly used insecticide against *N. lugens* over much of Asia. The wide application of IMI against pests has increased the risk of resistance in target insects [@b0080; @b0085]. This increased use has also resulted in various negative effects on crop plants and non-target insects [@b0090; @b0095]. For example, high doses of IMI reduced the length of the active growth stage, the grain weight, and the levels of the rice hormone zeatin riboside [@b0100; @b0105]. Insecticide-induced changes in plant quality have even been linked to the resurgence of *N. lugens* in rice [@b0060]. The mechanism of insecticide-induced changes in plant quality is still unclear although this phenomenon has been widely observed.

More specifically, pesticide foliar sprays caused the increased infestation of rice by the BPH, also called pesticide-induced susceptibility [@b0030]. However, the molecular mechanism of this susceptibility is not known. Thus, characterising the effect of IMI on gene expression in rice will provide a better understanding of insecticide-induced susceptibility to BPH.

Gene expression profiling by cDNA microarray is one of the most powerful tools for providing an overview of gene expression under various environmental stresses. Recently, several successful studies have examined plant gene expression profiles in response to pathogens [@b0110; @b0115], abiotic stress [@b0120], and chemicals stress [@b0125]. The Agilent Rice Oligo Microarray is a successful gene expression profile microarray. This chip represents more than 40,000 rice genes and transcripts, which allows for the comprehensive identification of imidacloprid-responsive genes.

The present study examined physiological and gene expression profile changes in the moderately resistant rice variety ZhenDao 2 after exposure to IMI. The objective of this study was to further elucidate the mechanism of insecticide-induced susceptibility to BPH.

2. Materials and methods {#s0010}
========================

2.1. Rice variety and insecticide {#s0015}
---------------------------------

The rice (*Oryza sativa* L.) variety, Zhen Dao 2 (japonica rice) was used in the trials. This variety of rice was selected because it is sensitive to pesticide application [@b0130]. Seeds were sown outdoors in a standard rice-growing soil in cement tanks (height 60 cm, width 100 cm, and length 200 cm). When the seedlings reached the six-leaf stage, they were transplanted into 16 cm diameter plastic pots with four hills per pot and three plants per hill. Rice plants at the tillering stage were used in the experiments.

IMI (10% WP, Yangnon Chemical Co., Ltd., Yangzhou, Jiangsu, China) was used in the trials. This insecticide was selected because its foliar spray significantly affects the physiology and biochemistry of rice plants [@b0090]. Two concentrations, 30 and 60 ppm, were designed based on previous studies [@b0100; @b0105].

2.2. Imidacloprid treatment to rice {#s0020}
-----------------------------------

Foliar sprays were applied with 30 and 60 ppm IMI using a Jacto sprayer (Maquinas Agricolas Jacto S.A., Brazil) equipped with a cone nozzle (1 mm diameter orifice, pressure 45 psi, flow rate 300 ml/min). Control plants at the same stage of growth were sprayed with a mixture of adjuvants and tap water, similar in composition to the mixture containing the insecticide but lacking the active component. Each treatment and control was replicated three times, excluding the damage test following BPH infestation described in the following section. The level of malondialdehyde (MDA) and oxalic acid in the rice leaves and sheaths were measured 3, 6, and 9 days after IMI foliar sprays (3, 6, and 9 DAF). The rice sheaths at 6 DAF were used for the gene expression analysis.

2.3. Assessment of rice damage by BPH following IMI treatment {#s0065}
-------------------------------------------------------------

To examine whether IMI increased the susceptibility of rice to BPH infestation, resistance tests were conducted in 16 cm diameter plastic pots and arranged in a randomised complete block design. A single six-leaf seedling was transplanted to a plastic pot. Five days after transplantation, foliar sprays were conducted with the same concentrations of IMI and methods described above. Control plants were sprayed with a mixture of adjuvants and tap water, similar in composition to the mixture containing the insecticide but lacking its active component. Each treatment and control was replicated thirty times (30 pots). Thirty third-instar nymphs were released onto a single plant at 7 DAF, rather than immediately, so that there would be a lower residue concentration of imidacloprid and lower residue lethal efficacy to the third instar nymphs. Insect mortality was checked at 48 h after the release of nymphs, and dead nymphs (if any) were replaced with live nymphs of the same age to maintain a given density. The potted rice was then placed inside a cylindrical (25 × 25 cm) cage made of clear plastic film in order to prevent the nymphs from escaping. When BPH adults emerged (about 10 days after the release), the scale of damage to the rice plant was assessed according to a 9-level evaluation method, modified from the screening method used to determine the resistance of rice varietals [@b0030]. The symptom description of a nine-scale injury rating was as follows:

Scale 1: slight injuries, few yellow pitches on leaf sheaths; scale 3: leaf sheaths slightly yellow; scale 5: leaf sheaths clearly yellow, reducing tillering; scale 7: leaf sheaths severely yellow, plant dwarfing and severely reduced tillering; scale 9: general withering [@b0135].$$\text{Injury}\quad\text{index} = \frac{\sum\limits_{i = 1\text{,}3\text{,}5\text{,}7\text{,}9}(\text{the}\quad\text{number}\quad\text{of}\quad\text{plant}\quad\text{with}\quad\text{i}\quad\text{injury}\quad\text{scale}\quad \times \quad\text{i})}{\text{Total}\quad\text{number}\quad\text{ofrice}\quad\text{plants}\quad \times \quad(\text{the}\quad\text{maximal}\quad\text{injury}\quad\text{scale})}$$

2.4. Quantification of IMI-induced biochemical changes {#s0025}
------------------------------------------------------

MDA levels, oxalic acid levels, and photosynthetic capacity are important indicators of resistance to BPH [@b0140; @b0145; @b0150]. We measured MDA, oxalic acid, leaf chlorophyll, and the photosynthetic rate of the rice plants to examine the susceptibility of rice plants to BPH after exposure to IMI.

MDA content was measured using the thiobarbituric acid (TBA) method [@b0155]. Leaf blades were ground in liquid nitrogen using a mortar and pestle, and 15 ml 0.1% (w/v) trichloroacetic acid (TCA) was added to 0.5 g frozen powder. This mixture was centrifuged at 4000 rpm for 15 min, and 4 ml 0.5% thiobarbituric acid (TBA) was added to 1 mL of the supernatant (extracted solution). The supernatant with TBA was then bathed in boiling water for 30 min after evenly shaking. Next, the mixture was centrifuged at 4000 rpm for 10 min after rapidly cooling on ice. The absorbance of the supernatant at 532, 450, and 600 nm was detected using a UV755 B spectrometer (Shanghai Precision Instrument Co., Ltd. Shanghai, China). The value for non-specific absorption at 600 nm was subtracted, and a standard curve of sucrose (from 2.5 to 10 mol/mL) was used to rectify the results from the interference of soluble sugars in samples. The MDA concentration was calculated using the absorption coefficient of 155 mM^−1^ cm^−1^.

The photosynthetic rate of rice leaves was measured using a Li-6400 Portable Photosynthesis System (Li-COR Company, USA). Measurements were taken between 10:30 A.M. and 12:00 A.M. on sunny and calm days under relatively constant light intensity. Three rice leaves were tested per hill. The photosynthetic rate of control leaves was measured immediately after measuring the rate of treated leaves to minimise errors due to changes in light intensity.

Leaf chlorophyll content was determined using a chlorophyll meter (SPAD-502, Minolta, Japan). Three flag leaves for both IMI-treated and mock-treated plants were measured at 3 and 6 DAF, respectively. Three measurements at random positions in the centre of the leaf were taken for each plant, and the average of the three measurements was used for analysis. Ten leaves from each group with incrementally increasing chlorophyll levels (determined by SPAD-502 readings) were then harvested to construct a standard curve for the quantification of chlorophyll content using a previously validated method of chlorophyll analysis [@b0160].

The titanium trichloride developing method was used to measure oxalic acid content [@b0130]. Leaf sheaths were ground in liquid nitrogen using a mortar and pestle, and 10 ml of distilled water was added to 0.5 g frozen powder. Active carbon was added to the sample solution to decolourise for 30 min, and the carbon was separated by centrifuging at 3500 rpm for 15 min. Decolourising was repeated using the same method described above until the solution was in a colourless or milk white state. Following decolourising, 240 μL of 3% titanium trichloride was added to 3 mL of supernatant, and the absorbance at 40 nm was detected using a UV755 B spectrometer (Shanghai Precision Instrument Co., Ltd. Shanghai, China). A standard curve was constructed using 99.5% oxalic acid (Shanghai No.4 Reagent Co. Ltd., Shanghai, China). The oxalic acid content of the sample solution was calculated based on the standard curve.

2.5. 'Microarray analysis for IMI-induced transcriptional profiles {#s0030}
------------------------------------------------------------------

For microarray analysis, leaf sheaths from treated and control plants were collected 72 h after IMI treatment. Total RNA was isolated using the TRIzol method (Invitrogen).

RNA samples from three biological replicates were purified by the RNeasy clean up system (Qiagen). The amount and quality of the RNA preparations were evaluated using an Agilent 2100 Bioanalyzer with RNA6000 Nano Reagents and Supplies (Agilent).

For microarray hybridisation, 500 ng of RNA were reverse-transcribed to cDNA, during which a T7 sequence was introduced into the cDNA. The cDNA was prepared using T7 RNA polymerase-driven RNA synthesis. The cRNA was labelled with Cy3 (the treated sample) and Cy5 (the control sample), respectively. A Qiagen RNeasy Mini Kit (Qiagen) was used to purify the fluorescent cRNA probes. An equal amount (1 μg) of Cy3 and Cy5 labelled probes were mixed and used for hybridisation on an Agilent 44 K Rice Whole Genome Microarray (Agilent), following the protocol provided by the manufacturer.

Microarrays were scanned with an Agilent dual laser DNA microarray scanner using the parameters provided by Agilent (Red and Green PMT were each set at 100%, and the scan resolution was set to 10 μm). Feature Extraction Software v7.5 (Agilent Technologies) was used to extract and analyse the signals. Agilent-provided settings were used, except for the subtraction of the local background and adjustment of the global background. Poor quality features that were either nonuniform or saturated in the two channels (50% of pixels \> saturation threshold) were flagged. Only those features with a signal-to-noise ratio (SNR) of up to 2.6 in at least one channel and significant different from the local background (two-sided Student's *t*-test \<0.05) were used for further analysis.

The categorisation of the responsive genes into biological processes was analysed using Gene Ontology (GO) (<http://www.geneontology.org>) [@b0165]. Within each significant category, the enrichment Re was determined by using the following equation: Re = (*n*~f~/*n*)/(*N*~f~/*N*), where *n*~f~ is the number of differential genes within the particular category, *n* is the total number of genes within the same category, *N*~f~ is the number of differential genes in the entire microarray, and *N* is the total number of genes in the microarray. The pathway analysis was carried out using the KEGG database [@b0170]. A Two-tailed Fisher's exact test and a Chi-square test were used to classify the GO category and pathway analysis. The false discovery rate (FDR) was calculated to correct the *p* value. A *p* value \<0.05 and FDR \<0.05 were used as the threshold to select significant GO categories and KEGG pathways.

Quantitative real-time PCR (qRT-PCR) was conducted to verify the reliability of the microarray. The qPCR experiments were assessed on the same pooled RNA extracts as the microarray. The RNA samples were reverse transcribed to cDNA using the PrimeScript™ reagent Kit (Takara), according to the manufacturer's instructions. Primers were designed to amplify sequences of 150--250 base pairs (bp), and the primer sequences are listed in [Table 1](#t0005){ref-type="table"}. The cDNA samples were used for qRT-PCR analysis, which was performed using a 7500 Real-Time PCR System (ABI) with SYBR Premix Ex Taq™ (Takara), according to the manufacturer's instructions. Amplification conditions were as follows: 95 °C for 10 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 31 s. Each sample was run in triplicate. The actin gene (Os11g0163100) was used as an internal control to normalise all data. After completion of the PCR amplification, the relative fold change after stimulation was calculated based on the 2^−△△CT^ method [@b0175].

2.6. Statistical analysis {#s0035}
-------------------------

Biochemical and physiological data were analysed by ANOVA. LSD's multiple comparison tests were conducted using SPSS software version 18.0. Expression analysis was initially carried out using Feature Extraction Software 10.7 from Agilent Technologies. Further analysis was performed using GeneSpring GX 10 and GenMAPP.

3. Results {#s0040}
==========

3.1. Effect of IMI on the level of injury of rice plants infested by BPH nymphs {#s0045}
-------------------------------------------------------------------------------

Compared to the untreated control plants, IMI treatments significantly elevated the injury level of rice plants infested by BPH nymphs (*F *= 13.94, df = 2, 87, *P *= 0.0001) ([Fig. 1](#f0005){ref-type="fig"}). Multiple comparisons showed that the damage levels for 60 and 30 ppm IMI treatments were significantly greater than for control plants. The damage level for 60 ppm IMI was significantly greater than for the 30 ppm IMI treatment. In addition, the injury indices of rice plants treated with 30 and 60 ppm IMI increased by 26.7% and 62.2%, compared to controls, respectively, indicating that the rice plants treated with IMI are suitable for BPH feeding, or that IMI induced the susceptibility of rice to BPH infestation.

3.2. IMI-induced physiological and biochemical changes {#s0050}
------------------------------------------------------

An ANOVA analysis of the data presented in [Fig. 2](#f0010){ref-type="fig"} confirmed that IMI significantly affected the amount of MAD, oxalic acid, chlorophyll, and the photosynthetic rate (*F *= 36.88; df = 8, 18; *p *\< 0.01 for MAD; *F *= 53.8; df = 8, 18; *p *\< 0.01 for oxalic acid; *F *= 24.39; df = 5, 12; *p *\< 0.01 for chlorophyll; *F *= 33.67, df = 5, 12; *p *\< 0.01 for the photosynthetic rate). Significantly greater amounts of MAD were present in the leaf blades treated with 30 and 60 ppm IMI at 3 and 6 DAF compared to the leaf blades of the control. The amount of MAD at 3 and 6 DAF increased by 68.6% and 49.3%, respectively. No significant differences in the amount of MAD at 9 DAF were found compared to control. However, the oxalic acid content of leaf sheaths at 3, 6 and 9 DAF was significantly lower than the oxalic acid content of the control samples. Additionally, the photosynthetic rates were lower and the chlorophyll content was smaller in leaves treated with IMI compared to the control. These findings support our model that IMI induces the susceptibility of rice to BPH infestation.

3.3. IMI-induced gene expression profile changes {#s0055}
------------------------------------------------

Microarray results revealed that a total of 331 probe sets exhibited a ⩾2-fold or ⩽0.5-fold change in induction or suppression. Of these 331 probe sets, 142 were upregulated, and 189 were downregulated. A full list of the probe sets with significantly different fold change can be found in [Table S1](#s0075){ref-type="sec"}. Some genes were represented with more than one probe set. Therefore, the number of responsive probe sets is greater than the number of responsive genes. The 331 probe sets corresponded to 225 genes and these genes are presented in [Tables S2](#s0075){ref-type="sec"}. Of these 225 responsive genes, 117 were upregulated, and 108 were downregulated.

To verify the reliability of the microarray data, we selected 10 genes for analysis by qRT-PCR. We selected 5 up-regulated genes and 5 down-regulated genes that exhibited differential expression in the microarray. As shown in [Fig. 3](#f0015){ref-type="fig"}, the gene expression levels were consistent with microarray, and a positive correlation was detected between the $\text{log}_{2}^{\text{F}}$ from the 60 ppm IMI and qRT-PCR amplification (*r*^2^ = 0.904, [Fig. 3](#f0015){ref-type="fig"}). These qRT-PCR findings support the results of the microarray experiment.

The differentially expressed genes were classified into different functional categories according to the Gene Ontology (GO) project. The GO categories and enrichment analysis results for the 225 genes are included in [Table 2](#t0010){ref-type="table"}. A group of 171 genes were matched with GO term annotations in molecular function, oxidoreductase activity, structural component of cell walls, lipid, tetrapyrrole and neurotransmitter binding, signal transducer activity, and electron carrier activity. A group of 183 genes were involved in the enrichment of cellular components, protein complexes, vesicles, membranes, external encapsulating structures, and membrane parts. There were 170 genes with GO term annotations to biological processes, including the regulation of cellular processes, oxidation reduction, secondary metabolic processes, responses to endogenous and biotic stimuli, multicellular organismal development, cell growth, hormone metabolic processes, and responses to stress. The differentially expressed genes were classified into eight functional groups, and classification results are summarised in [Table S3](#s0075){ref-type="sec"}.

The KEGG pathway analysis for the differentially expressed genes showed that the genes are involved in base excision repair, DNA replication, flavone and flavonol biosynthesis, glucosinolate biosynthesis, glutathione metabolism, homologous recombination, mismatch repair, nucleotide excision repair, phenylpropanoid biosynthesis, photosynthesis-antenna proteins, photosynthesis, and pyrimidine metabolism ([Table 3](#t0015){ref-type="table"}). The KEGG pathways analysis of the differentially expressed genes is summarised in [Table S4](#s0075){ref-type="sec"}.

4. Discussion {#s0060}
=============

The physiology and biochemistry in rice plants treated with pesticides are significantly altered [@b0090]. The present findings demonstrated that MAD content increased, but oxalic acid content and the photosynthetic rate decreased significantly following IMI application. These results are consistent with our previous findings [@b0090]. The reduction of resistance of rice to insect pests due to physiological and biochemical changes in rice plants caused by pesticide applications is known as pesticide-induced susceptibility [@b0030]. Pesticide-induced susceptibility of rice is an important phenomenon among the side effects of pesticides. The present experiment showed that IMI induced different expression levels of some stress response genes in rice plants, e.g. oxidoreductase activity genes, cytochrome P450 genes the terpene synthase gene, chitinase genes, the Gibberellin 20-oxidase gene, ethylene response proteins genes, pathogenesis-related protein genes, and other genes involved in signal transduction activity, electron carrier activity, substance transportation, and photosynthesis. Oxidoreductase activity is a key factor for many cell functions. It is necessary to prevent over-oxidation or over-reduction, both of which can cause serious damage to plant cells or cell death [@b0180]. Cytochrome P450s are a large group of heme-containing enzymes, catalyse a considerable array of crucial reactions in plant primary and secondary metabolism. The present findings demonstrated 5 cytochrome P450 genes were induced by IMI and cytochrome P450 CYP99A1 (Os04g0178400) gene was especially up-regulated 27.5-fold and was significantly higher than that of the other 4 genes. Cytochrome P450 CYP99A gene encode cinnamic acid 4-hydroxylase(C4H) in sorghum [@b0185]and C4H was a feedback modulator at the entry point into the phenylpropanoid pathway [@b0190]. Phenylpropanoid are involved in defense against wounding and herbivore/or pathogen attacks in many plants [@b0195]. A previous study demonstrated that expression of the cytochrome P450 CYP99A1 gene of the salt tolerant Bala rice cultivar was down-regulated under arsenate stress [@b0120]. In contrast, expression of the same gene in the susceptible cultivar (Azucena) was up-regulated under arsenate stress. Thus, we infer that up-regulated expression of cytochrome P450 CYP99A1 gene is a signal factor of IMI-induced rice susceptibility.

Of the 59 stress response genes that responded to IMI treatment, 30 were up-regulated, and 29 were down-regulated ([Table S4](#s0075){ref-type="sec"}). The maximum down-regulated expression level was that of the chitinase gene (Os10g0542900), which was down-regulated 4.8-fold, followed by germin-like protein 1 (Os08g0460000), which was down-regulated 3.3-fold. In general, the expression levels of down-regulated genes were in a lower range. However, the up-regulated genes were in a greater range of expression levels. For example, the terpene synthase gene (Os02g0570400) was up-regulated by 14.3-fold. Chitinases play an important role in the resistance of plants to pests [@b0195] and chitinase activity in resistant cultivar is significantly higher than susceptible cultivar on day 3 after BPH infestation [@b0200]. Therefore, we infer that the suppression of the expression of chitinase genes by IMI may be a factor in the insecticide-induced susceptibility of rice to BPH.

IMI induced significant changes to the expression of genes involved in signal transduction activity, electron carrier activity, substance transportation, and photosynthesis. Gibberellin 20-oxidase gene encoding a multifunctional enzyme involved in gibberellin biosynthesis [@b0205] were down-regulated after IMI treatment. Gibberellin plays a vital regulation role in growth, development, the physiology and the biochemistry of the rice plant. Levels of plant hormones in rice treated with pesticides significantly decreased [@b0105], indicating that the pesticides affected growth, development, and the vigour of the rice plants. Three ethylene response protein genes in ethylene signalling pathways were up-regulated, but four pathogenesis-related protein genes were down-regulated. These signalling pathways play important roles in growth, development, and resistance of plants [@b0210; @b0215]. IMI-induced susceptibility may be associated with changes to these signalling pathways. Lipid transfer proteins (LTPs) are highly conserved proteins in plants and play an important role in the resistance to pests, activation of resistance signalling, and adaptation to environmental stress [@b0215]. Nine LTPs were differentially expressed, of which 7 genes (Os012g0115100, Os10g0551700, Os10g0552600, Os11g0116200, Os11g0427800, Os12g0114800, Os11g0115100) were down-regulated, and 2 (Os01g0822900, Os12g0114500) were up-regulated. These findings support the model that differentially expressed genes are associated with pesticide-induced susceptibility.

The current experiment revealed that 28 differentially expressed genes represented 12 different KEGG biological pathways. Genes involved in base excision repair, DNA replication, homologous recombination, and mismatch repair were up-regulated, and all these genes are related to the genomic repair process. The chlorophyll content and the photosynthetic rate of the rice leaves significantly declined following IMI application, which is consistent with significantly decreased expression of genes controlling photosynthetic rate and photosynthetic antenna proteins. In regards to metabolic pathways, IMI suppressed the photosynthetic system I and photosynthetic system II, electron transport chains, and genes involved in chlorophyll-protein complexes. The flavonol-3-O-methyltransferenase gene, which acts in the flavonoids and flavonol metabolic pathway, and the lignin peroxidase gene which acts in the phenylpropanoid metabolic pathway, were down-regulated following IMI treatment. Flavonoids and flavonols are important secondary metabolites in plants and play a role in defence against herbivores [@b0220]. When interrupted flavonoid synthetic pathways, induced-resistance is suppressed in cucumber [@b0225]. Flavonoids in rice plants are associated with resistance of rice to BPH [@b0230].Therefore, we considered that flavonol-3-O-methyltransferenase gene may influence the synthesis of flavonoid and indirectly results in the susceptibility. Phenylpropanoid compounds encompass a wide range of structural classes and biological functions. In phenylpropanoid metabolic pathway, lignin peroxidase gene (Os11g0112400) which participate in synthesis of p-hydroxypheny lignin, guaiacyl lignin, 5-hydroxygualacyl lignin, and syringyl lignin were down-regulated (KEGG Pathway see <http://www.genome.jp/kegg/kegg2.html>). Rice lignin is a mixed p-hydroxyphenyl-guaiacyl-syringyl lignin[@b0200]which. composes the secondary cell wall and is related to resistance to pests [@b0235]. Thus the down-regulated expression of the lignin peroxidase gene may be associated with IMI-induced decline of rice resistance. Os03g0283200 gene encoding IN2-1 protein was down-regulated following IMI treatment. IN2-1 protein have glutathione S-transferase (GST) activity and plays an important role in pesticide detoxification and resistance to stress [@b0235; @b0240]. It has been demonstrated that overexpression of GST enhance the resistance of GM plants to stress [@b0245]. Therefore, the down-regulated expression of GST gene following IMI treatment may decline the resistance of rice to exogenous stress.

In addition, IMI-induced susceptibility does not involve in single gene or single metabolic pathway but in multiple genes or multiple pathways, such as cinnamic acid 4-hydroxylase, chitinaselignin peroxidase, flavonoids and flavonol metabolic pathway, phenylpropanoid metabolic. The identification of differentially expressed genes could provide useful information for the further study of the molecular mechanism of IMI-induced susceptibility of rice to BPH infestation.

Appendix A. Supplementary data {#s0075}
==============================

Supplementary data 1Supplementary data 2Supplementary data 3Supplementary data 4
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![Effect of IMI on the injury level of rice plants infested by BPH. Numbers on the top correspond to the damage index under different IMI concentrations. Data are presented as the means ± SD. Means followed by different letters indicate significant differences at the 5% level.](gr1){#f0005}

![Effects of IMI on the physiology and biochemistry of rice plants. (A) MDA content, (B) Oxalic acid content, (C) Photosynthetic rates, (D) Relative content of chlorophyll. Data are presented as the means ± SD. The different letters above the bars indicate that the means of these values are significantly different at a 5 % level.](gr2){#f0010}

![Confirmation of the microarray results by qRT-PCR. Analysis by qRT-PCR of 10 genes selected from the IMI-responsive genes was performed with RNA extracted from control rice sheaths or 60 ppm IMI treated rice sheaths. The fold change of related genes after 60 ppm IMI treatment is presented on the left. The correlation between microarray signal ratios and qRT-PCR is presented on the right..](gr3){#f0015}

###### 

Primers used in Quantitative real-time polymerase chain reaction to verify differentially expressed genes identified in the microarray experiment.

  Gene            Forward primer sequences(5′ → 3′)   Reverse primer sequences(5′ → 3′)
  --------------- ----------------------------------- -----------------------------------
  Os02g0570400    GTTGGTAGGGAGCACATCAGG               CCATTGGCAAGGGTTAGCATA
  Os04g0178400    CAACAAGAGCCCACAAGACCACG             ATCTCATACCCTCCGATTTCGCAG
  Os05g0253200    AACAACACCGTTTGCCACATTAC             TTGACCAACCACGTCCAACTTAT
  Os05g0500900    CGACACCTCGCCCATCCTCT                GCCGCTCCATCTCCTCCTCTAT
  Os102g0416200   ACCAGAGCTTCGGGTGCGTGAC              AAGCGGAGCTGCTCGGAGATGG
  Os102g0542900   GGCGACTTCTCCACCCTACTATG             CCAGAACCAGATGGCCGTCCTTG
  Os03g0808000    ACATGGCAGGGAGGGAGTGGATA             CGCATTTCTTAGCTGAGTCGCAGTAG
  Os03g0658800    CATTCCTGGCACCGCATTCTAC              TCTCACTGATTAAAGGCTTCTCC
  Os08g0460000    GTGAACGGGCTCGGTATCTC                CTGGTGTAGACGGTGTTGGAGG
  Os12g0112000    AACCTCACCTCCCTCTTCGA                AACCTGATTGCCTCCTCATCG
  Os11g0163100    CATCCTGCGTCTGGACCTTG                TTCCCGTTCAGCAGTGGTAG

###### 

Gene ontology term enrichment analysis of genes with different expression patterns.

  GO Id                      GO Term                                Query item   Total     *p* value   FDR
  -------------------------- -------------------------------------- ------------ --------- ----------- --------
  *Molecular function*                                              171          17734                 
  GO:0016491                 Oxidoreductase activity                29           1703      0.002       0.013
  GO:0005199                 Structural constituent of cell wall    4            80        0.0084      0.0326
  GO:0008289 lipid binding   12                                     3            50        0.0002      0.0044
  GO:0042165                 Neurotransmitter binding               4            75        0.0068      0.0289
  GO:0046906                 Tetrapyrrole binding                   16           516       0.0001      0.0024
  GO:0009055                 Electron carrier activity              15           793       0.0106      0.0348
  GO:0004871                 Signal transducer activity             21           1310      0.0157      0.046
                                                                                                       
  *Cellular Component*                                              183          18477                 
  GO:0043234                 Protein complex                        19           1085      0.0092      0.0341
  GO:0031982                 Vesicle                                67           3839      0           0
  GO:0016020                 Membrane                               82           6112      0.0004      0.0044
  GO:0030312                 External encapsulating structure       24           1155      0.0004      0.0044
  GO:0044425                 Membrane part                          31           2120      0.0126      0.0399
                                                                                                       
  *Biological Process*                                              170          0 15245               
  GO:0019748                 Secondary metabolic process            18           790       0.0007      0.006
  GO:0042445                 Hormone metabolic process              3            44        0.0101      0.0344
  GO:0055114                 Oxidation reduction                    20           1075      0.004       0.019
  GO:0007275                 Multicellular organismal development   19           1154      0.0166      0.046
  GO:0016049                 Cell growth                            6            152       0.0041      0.019
  GO:0006950                 Response to stress                     59           4553      0.0076      0.0309
  GO:0009607                 Response to biotic stimulus            25           1414      0.0026      0.0154
  GO:0009719                 Response to endogenous stimulus        30           1998      0.01        0.0344
  3 GO:0050794               Regulation of cellular process         58           3928      0.0004      0.0044

###### 

Kegg pathway enrichment analysis of genes with different expression patterns.

  Pathway name                         Query item   Total   *p* value   FDR
  ------------------------------------ ------------ ------- ----------- --------
  Base excision repair                 2            35      0.0298      0.0109
  DNA replication                      2            37      0.0328      0.0109
  Flavone and flavonol biosynthesis    1            3       0.0288      0.0109
  Glucosinolate biosynthesis           1            3       0.02888     0.0109
  Glutathione metabolism               2            45      0.0461      0.0118
  Homologous recombination             3            24      0.001       0.0008
  Mismatch repair                      3            26      0.0012      0.0008
  Nucleotide excision repair           2            44      0.0443      0.0118
  Phenylpropanoid biosynthesis         2            41      0.0392      0.0118
  Photosynthesis -- antenna proteins   6            9       0           0
  Photosynthesis                       11           70      0           0
  Pyrimidine metabolism                3            82      0.0243      0.0109
